ETS proteins are a group of evolutionarily related, DNA-binding transcriptional factors. These proteins direct gene expression in diverse normal and disease states by binding to specific promoters and enhancers and facilitating assembly of other components of the transcriptional machinery. The highly conserved DNA-binding ETS domain defines the family and is responsible for specific recognition of a common sequence motif, 5 -GGA(A/T)-3 . Attaining specificity for biological regulation in such a family is thus a conundrum. We present the current knowledge of routes to functional diversity and DNA binding specificity, including divergent properties of the conserved ETS and PNT domains, the involvement of flanking structured and unstructured regions appended to these dynamic domains, posttranslational modifications, and protein partnerships with other DNA-binding proteins and coregulators. The review emphasizes recent advances from biochemical and biophysical approaches, as well as insights from genomic studies that detect ETSfactor occupancy in living cells. 
INTRODUCTION
An overarching conundrum for eukaryotic transcription factors is how a set of related proteins displaying highly conserved DNAbinding domains execute diverse biological roles. This review addresses the current state of biochemical and genomic investigation of this specificity question in the ETS family. Initially, we focus on the common and distinct DNAbinding properties of the ETS domain. Next, we discuss the PNT domain to illustrate the potential of semiconserved domains to provide a route to diverse function by different family members. Then, we consider new studies that provide the first views of what is happening in cells at the level of genome-wide ETS-factor DNA occupancy. We include genomic analysis of oncogenic ETS genes as these studies challenge our thinking about specificity and redundancy. Both biochemical and genomic approaches demonstrate the role of protein partnerships as a specificity mechanism. We emphasize systems for which biochemical and biophysical details are available because these provide a robust framework both for defining the specificity problem and informing the many experimental investigations aimed at understanding the role of ETS factors in biological regulation. To complement our structural and genomics focus, we refer the reader to previous reviews that cover biological properties of the ETS factors in more detail (1) (2) (3) (4) (5) (6) .
Evolution of the ETS Family
The ETS proteins are encoded by a gene family that is defined by the conserved ETS domain (Figure 1a,b) and present throughout the metazoan phyla (7) . Family phylogeny suggests the duplication of an ancestral gene early in metazoan evolution. The continued growth of the family from invertebrates, represented by the 8 and 10 paralogs in Drosophila melanogaster and Caenorhabditis elegans, respectively (Supplemental Table 1 : For all Supplemental Material, follow the link from the Annual Reviews home page at http://www.annualreviews.org), to vertebrates, represented by 28 human genes, was likely facilitated by large-scale duplications of vertebrate genomic regions (8). Hallmarks of these evolutionary steps are seen in the dendogram of the family (Figure 2 ) as well as in the relative positions of structural domains (Figure 1a ).
An understanding of the overall relatedness of ETS family members is critical for framing the question of functional specificity. For example, there are subfamilies with higher degrees of sequence similarity in both their ETS domains and PNT domains (9) (Figures 1a  and 2 ). Closely related members of a subfamily may display redundant functions, whereas those in different subfamilies may have unique biochemical properties that could be utilized in distinct biological pathways.
Biochemical and Biological Diversity
Structural or functional domains and posttranslational modifications that are found outside of the highly conserved ETS domain illustrate the potential for unique properties of subfamilies or individual ETS proteins. The PNT domain (Figure 1a,c) has variable functions, discussed below, depending on the subfamily in which it resides. The OST domain appears unique to GABPA (Figure 1a,d ) and serves in cofactor recruitment (10). The B-box, found in the three members of the ternary complex factor (TCF) subfamily, forms an induced structural element that interacts with serum response factor (SRF) on DNA (11). Although examined in only a few cases by biophysical methods (12-15), the remaining regions of the ETS factors, including those functioning as transactivation domains, likely display minimal stable secondary or tertiary structure. These intrinsically disordered regions can have numerous possible roles, including serving as flexible linkers, linear peptide motifs for binding to partner proteins, and sites of posttranslational modifications (16). Figure 1 is annotated to show only those examples of phosphorylation that are covered in this review owing to their interplay with structured domains. Other modifications found on ETS factors, including ubiquitinylation, sumoylation, glycosylation, and acetylation, have been reviewed elsewhere (17, 18). In conclusion, the overall diversification of the known biochemical properties of the family members suggests that different family members will play distinct biological roles.
Diverse biological roles of individual ETS family members are also suggested by the broad range of phenotypes displayed in mouse genetic disruptions (Figure 2) . Genetic studies in C. elegans (19) and Drosophila (20) demonstrate this same trend, with a variety of phenotypes suggesting specialized functions ranging from organ cell fate and neuronal development to oogenesis and aging (Supplemental Table 1 ) (21-26). Although classic genetics approaches can be limited as a result of potential redundancy within the family, this diversity strongly indicates that different ETS family members carry out distinct biological roles. Indeed, recent reports that include analyses of transcriptional targets implicate specific ETS genes in development of mammalian hematopoietic stem cells (27-29), endothelial cells (30) (31) (32) , and T cells (33) . Although many putative transcriptional targets have been identified over the past 20 years for ETS family members through experimental analyses of transcriptional control elements by in vitro and cell-based assays (3), we focus only on genome-wide occupancy approaches and evaluate their contribution to the evaluation of the authentic targets of ETS factors.
Extensive Coexpression
In spite of the biological and biochemical evidence that different ETS proteins can execute diverse roles, an extensive overlap in the expression of various family members is found in many human tissues. Coexpression of the ETS genes has been systematically surveyed at the mRNA level in more than 20 tissues and transformed cell lines (34) (35) . Half of the family 
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members are ubiquitously expressed in all cell types tested. In any particular cell type, 14 to 25 family members are coexpressed. This challenges the simplest notion that each family member is restricted to a tissue or cell type for a site of action. In some cases, however, highlevel expression is confined to a single cell type (e.g., SPDEF in the prostate, SPI1 in myeloid cells). Additional levels of regulation beyond mRNA expression, such as translational control, alternative splicing, posttranslational modifications, cellular localization, and protein stability, will add to the complexity of this picture. Therefore, systematic proteomic studies that determine active protein levels will be necessary to describe the relative prevalence of ETS factors in diverse tissues. Expression profiles in transformed cell lines show strong similarity to those in matching normal tissues, although exceptions are worth noting. There is high expression of SPDEF and ESE subfamily members in mammary tumors (35) , and a striking prevalence of ETV4 expression in cell lines versus normal matching adult tissues (34) . The high expression levels of ERG and PEA3 subfamily members in a subset of prostate tumors led to the discovery of common chromosomal rearrangements associated with this human cancer (36) . Thus, relative differences in expression of ETS genes may have a significant role in both normal biology and cancer.
ETS DOMAIN: BIOCHEMICAL OVERVIEW OF DNA BINDNG AND AUTOINHIBITION

Structure and DNA-Binding Interface
The overall structure and DNA-binding mechanism of the ETS domain is based on high-resolution molecular models of ten family members derived from both X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy (Figure 1b , Supplemental Table 2 ) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) . The conserved ETS domain consists of three α-helices on a small four-stranded, antiparallel β-sheet scaffold. This variant of the prototypic helix-turn-helix DNA-binding motif, termed the winged helix architecture, is also found in eukaryotic FOX proteins, heat shock factors, and linker histones as well as the prokaryotic CAP protein (52) . The ETS domain binds DNA over a region spanning 12 to 15 base pairs (bp), but it displays sequence preference for only ∼9 bp (numbered 1-9 in this review) with a central, invariant 5 -GGA(A/T)-3 core. The interface is characterized both by direct readout, which involves base-pair contact by ETS-domain sidechains, and indirect readout, which utilizes the sequence-dependent positioning of the phosphodiester backbone. The most important direct interactions in the major groove involve hydrogen bonding between the two invariant arginines in the recognition helix H3 and the Figure 2 ). We use HUGO nomenclature (191) for all ETS genes and proteins, with alternative names provided. Oncogenic ETS proteins, which are created by human chromosome rearrangements, are illustrated by two examples. Many ETS genes produce multiple protein products via alternative splicing/start sites, and in these cases, a single polypeptide was chosen arbitrarily. Boxes identify the DNA-binding ETS domain (red ), PNT domain ( green), OST domain (blue), and B-box (magenta) of the ETS factors as well as the C-terminal portion of RUNX1 (light brown) and the N-terminal portion of EWS (dark brown). The circled P symbolizes a phosphorylated region discussed in the text. Not identified are additional regions involved in transcriptional activation/repression, posttranslational modifications (including kinase docking and sumoylation), nuclear import/export, turnover, and so forth. (b) Ribbon diagram of the ETS1 ETS domain bound to a DNA duplex (1k79.pdb with the inhibitory helices deleted for clarity). The side chains of R391, R394, and Y395, which provide base-specific contacts to core GGAA, are also shown in stick format. Ribbon diagrams of (c) the ERG PNT domain (1sxe.pdb) and (d ) the GABPA OST domain (1juo.pdb). See Supplemental Tables 2 and 3 for a referenced summary of all published ETS and PNT domain structures. Molecular diagrams were rendered with PyMOL (http://pymol.org) with coordinate files from the Protein Data Bank (http://pdb.org). 
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Figure 2
Diversity in function of ETS family. (left) A dendogram shows the degree of relatedness of 28 human ETS domain sequences, built by ClustalW (192) using the neighbor-joining method (193) . figure. For the sake of brevity, some phenotypes are not listed. N/A indicates the gene deletion has not been reported. The asterisk indicates that this phenotype results from a point mutation of ERG that affects transactivation ability rather than a gene deletion (194) . Mice with deletions or mutations of two members of a subfamily have phenotypes that indicate overlapping roles in endothelial cells (ETS1 and ETS2) (30) , hematopoietic stem cells (ERG and FLI1) (28), thymocyte development (ELK1 and ELK4) (33), B-cell receptor signal transduction (SPI1 and SPIB) (195) , and limb-bud development (ETV1 and ETV5) (196) .
two guanines of the GGA(A/T) core. Additional direct and water-mediated hydrogen bonding, hydrophobic, and electrostatic interactions involved in the interface are provided primarily by residues in the "turn" between helices H2 and H3, the "wing" between strands S3 and S4, and the N terminus of helix H1. Strikingly, there are no direct contacts to any base pair outside of the central GGA(A/T), thus implicating sequence-dependent backbone configurations for specificity in the flanking regions (53) . Indeed, thermodynamic studies revealed an ∼400-fold variation of the affinity of SPI1 depending on sequences flanking the GGA core (54) . The structural basis for this indirect readout is currently not well defined, although DNA duplexes bound by ETS domains are typically distorted from an ideal B-DNA geometry.
DNA-Sequence Preferences
The selectivity of multiple ETS proteins has been determined by in vitro methods that demonstrate a binding preference for a particular DNA sequence. Ten proteins were assayed in independent experiments in a variety of laboratories that selected preferred sequences from pools of DNA duplexes, using either the SELEX (systematic evolution of ligands by exponential enrichment) or length-encoded multiplex approach (53, (55) (56) (57) (58) (59) (60) (61) . More recently, 26 mouse and 27 human ETS proteins were subjected to either microwell binding assays or protein-binding microarrays to determine sequence preferences (62). The results of such analyses performed by different laboratories and across the entire ETS family are striking in their similarity. The most common high-affinity, consensus sequence identified, ACCGGAAGT, consists of an invariant GGA core surrounded by positions with lower preference (see also Genomic Approaches to the Specificity Question, section below). Sequence preferences observed in systematic analysis of the whole family suggest four classes of ETS proteins that track with subfamilies ( Figure 2 ) (62). Class I, containing more than half of the ETS family (PEA3, TCF, ETS, ERF, and ERG subfamilies), displays a consensus sequence identical to the most common in vitro-derived sequence (ACCGGAAGT). Class II contains eight members (TEL, ESE, and ELF subfamilies) and has a consensus that differs primarily in the first nucleotide (CCCGGAAGT). Members of this second group tend also to be more sensitive to the adenine-to-thymine substitution at position 7, as has been previously reported for ELF1 (63-65). However, variation in the affinity for the alternative GGAT core can also occur between Class I members, such as ELK1 and ELK4 (58) . Class III is composed of only the SPI subfamily, whose members prefer binding sites with an adenine-rich sequence 5 to the GGA (57) . Class IV includes only SPDEF, which has a unique preference for a GGAT core sequence instead of GGAA (66). Quantitative DNA-binding studies indicate that the affinity of different ETS proteins for the same consensus sequence many vary by only ∼10-fold, whereas the affinity of the same protein for variant consensus sites differs by ∼5-to 80-fold (53, 56, 65) .
A rationale for some sequence preferences comes from detailed biochemical investigations. For example, two TCF subfamily members, ELK1 and ELK4, have identical DNA-recognition helices, but detailed crystallographic and mutagenic studies revealed that residues at the DNA-binding interface, including a key tyrosine in helix H3, differ conformationally owing to distinct tertiary contacts with adjacent, nonconserved residues (41, 42) . Collectively, these effects restrict the ability of ELK1, but not ELK4, to bind variants of the ETS consensus sequence including GGAT.
In conclusion, the differences in DNAsequence preference of most ETS proteins identified from in vitro studies are subtle. Furthermore, these sequences, which were selected owing to their relative affinity in vitro, could occur rarely in transcriptional-control elements as a result of this lack of selectivity. Specificity in cells could derive predominantly from interactions with cofactors, including partner transcription factors, as discussed below. Lower affinity sites that vary from the high-affinity selected sequences could provide more specificity by poising ETS factors to be dependent on these cofactors.
Structural Elements Appended to the ETS Domain
Structural elements appended to the ETS domain regulate its function and demonstrate diversification in the family (Figures 3a and 4) . In several ETS proteins, a short α-or 3 10 -helix, or in the case of ELF3 an ordered coil sequence, lies immediately C terminal to the final β-strand of the ETS domain. This may be an even more common feature than currently recognized because the analogous C-terminal regions have not been characterized structurally for all family members. These flanking residues contribute to the tertiary structure and stability of several ETS domains (51, 67) . GABPA, ETS1, ETS2, and ETV6 have two C-terminal helices, termed H4 and H5. In the case of GABPA, these serve as a platform for binding GABPB1 (GABPβ), which indirectly enhances DNA affinity, slowing the half-time for dissociation by at least 100-fold (Figure 4a (40). The two appended C-terminal helices in ETV6 participate in DNA-binding autoinhibition, likely via a steric mechanism (50) . In ETS1 and, by sequence similarity, ETS2 and their Drosophila ortholog Pnt-P2, two more helices, HI-1 and HI-2, reside N terminal to the ETS domain and pack with helices H4 and H5 (Figure 3a , right) (45, 48, 68 Structurally characterized ETS protein partnerships. Shown are molecular models of the ETS partnerships involving the ETS domains of (a) GABPA with GABPB1 (1awc.pdb), (b) ELK4 with serum response factor (SRF) (Ihbx.pdb), (c) ETS1 with PAX5 (1 mdm.pdb), partnerships that can either reinforce or antagonize inhibition (69). The best-characterized example of autoinhibition among the ETS proteins is that of ETS1, in which all the above regulatory mechanisms are at play. Autoinhibition of ETS1 DNA binding was discovered initially by deletion analyses (56, 70, 71) . However, two naturally occurring variants confirm the biological relevance of inhibitory sequences. The oncogenic version of ETS1 found in the p135 oncoprotein of the E26 retrovirus has the C-terminal inhibitory sequences deleted. Its higher DNA-binding activity may contribute to oncogenesis (72). Likewise, an alternatively spliced ETS1 isoform, which lacks the Nterminal inhibitory sequences encoded by exon VII, binds DNA with higher affinity and slightly broader specificity (73). As discussed below, ETS1 autoinhibition is reinforced by phosphorylation (74, 75) and counteracted by protein partnerships, such as those with RUNX1 (also termed AML1/CBFα2) and PAX5.
Detailed analyses implicate the three structural components of ETS1 in the mechanism of autoinhibition, namely the ETS domain, the appended inhibitory module (Figure 3a) , and an adjacent intrinsically disordered serine-rich region (SRR) (Figure 5a ). The inhibitory module comprises a helical bundle (HI-1, HI-2, H4, and H5) and interfaces with H1 of the ETS domain. Collectively, these two components, the inhibitory module and ETS domain, are described as the regulatable unit of ETS1. The basic framework of ETS1 autoinhibition was established by early studies demonstrating that HI-1 unfolds upon DNA binding, thus suggesting a thermodynamic penalty to reduce net DNA affinity (76). Subsequent structural analyses showed that the inhibitory module is distal to the DNA-binding interface of ETS1, indicative of an allosteric mechanism linking binding and helix unfolding (45, 48) .
More recent NMR-based studies have revealed that dynamic properties across a wide timescale range are central to ETS1 autoinhibition (Figure 5a ). Helix HI-1 is only marginally stable and thus poised to unfold. The recognition helix H3 also shows significant local fluctuations (48) supporting the hypothesis that DNA-binding domains, in general, require flexibility for high-affinity DNA recognition (77, 78). Furthermore, a network of hydrophobic residues spanning from helix HI-1 to H3 undergoes millisecond to microsecond timescale motions (79). Most importantly, the ETS domain appended with all four inhibitory helices binds DNA with half the affinity of the isolated ETS domain, whereas the presence of an adjacent SRR reduces binding 10-to 20-fold. Most strikingly, the SRR is intrinsically disordered and interacts only transiently with the ETS domain and inhibitory module (80).
Collectively, these data lead to the current model of ETS1 autoinhibition in which the regulatable unit exists in a conformational equilibrium between a flexible state competent for DNA binding and a more rigid inactive state (Figure 5a ). Transient interactions with the SRR allosterically favor the latter state. Increasing levels of multisite phosphorylation of the SRR by CaM kinase II leads to a progressive reduction in DNA affinity by promoting these transient interactions (79). Consistent with in vivo studies that show a role for phosphorylation (81), this rheostatic mechanism provides a graded control of ETS1 DNA affinity (82). Although the mechanism linking HI-1 unfolding with DNA binding is not readily apparent in static molecular structures (45) , molecular dynamics simulations point to correlated motions involving HI-1, H4, and H1 that change upon hydrogen bonding of H1 to the phosphodiester backbone of DNA (83). This theoretical evidence for a conduit from the DNA interface through the regulatable unit is consistent with the dynamics of this region observed in the absence of DNA by NMR.
Autoinhibition in Other ETS Proteins
Other ETS factors also exhibit DNA-binding autoinhibition. A C-terminal inhibitory sequence, bearing helix H5, strongly attenuates ETV6 DNA binding by steric blockage of its ETS domain DNA-binding interface (Figure 3a ) (50) . Members of the PEA3 subfamily, including ETV4 (12, 84) and ETV5 (85), contain autoinhibitory sequences appended to both sides of their ETS domains. However, based on proline-scanning mutagenesis, these sequences do not appear to be helical. A cooperative partnership with USF-1 enhances the affinity of ETV4 for DNA, at least in part by interacting with these inhibitory sequences (84).
In cases of the ESE and TCF subfamilies, DNA binding is repressed by sequences distant from the ETS domain. The C-terminal ETS domain of ELF3 is inhibited by its central transactivation domain (86), whereas related ELF5 is inhibited by sequences at its N terminus (87). The TCF subfamily members, ELK1, ELK3, and ELK4, exhibit even more
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MAP kinase: mitogen-activated protein kinase complex inhibitory behaviors involving an interplay of the B-box, the C-terminal transactivation domain, and a NID (NET inhibitory domain), as well as interactions with the helixloop-helix Id proteins (88-90). Furthermore, phosphorylation of the transactivation domain results in enhanced DNA binding (91).
An interesting question is whether the autoinhibition mechanisms in these other ETS proteins have features in common with ETS1. A critical feature of autoinhibition in ETS1 is the dynamic character of the ETS domain. The dynamic character of DNAbinding domains, in general, is proposed to be necessary for nonspecific scanning of DNA in search of specific, high-affinity sites (77, 78), with motions quenched upon specific complex formation. Thus, all ETS domains could have these dynamic properties. Different appended inhibitory elements of diverse ETS factors could impinge on these dynamic properties similarly to how the inhibitory helices of ETS1 regulate its motions. Importantly, autoinhibition sets up the potential for regulation of DNA binding through protein partnerships, as described below.
PNT DOMAIN: DIVERSE FUNCTION AND REGULATION
PNT-Domain Structure and Appended Elements
Approximately one-third of ETS family members encode a second structured domain, termed the PNT domain (Figure 1a ). This ∼80-residue conserved domain plays unique roles in different ETS proteins. High-resolution molecular models of the PNT domain are derived from both X-ray crystallography and NMR spectroscopy performed on one Drosophila and multiple vertebrate proteins (Supplemental Table 3 ) (92-97). The core of this domain is formed by four α-helices (H2-H5) along with a short 3 10 -or α-helix (H2 ) (Figures 1c and 3b) , which is highly similar to that of the more widespread SAM domain. SAM domains exhibit remarkably diverse association states and function in a variety of protein-protein and -RNA interactions (98). Similar to the ETS domain, additional helical elements (H0 and H1) appended to the conserved-core of the PNT domain provide unique regulatory paths for distinct family members (Figure 3b ).
Ras Signal Transduction and MAP-Kinase Docking
The transcriptional activation by vertebrate ETS1 and ETS2 and the Drosophila ortholog Pnt-P2 of Ras-responsive genes is increased by mitogen-activated protein (MAP) kinase phosphorylation of threonine and serine residues immediately preceding their highly similar PNT domains (68, 99). Detailed in vitro kinetic studies revealed that the PNT domains facilitate signaling by enhancing substrate binding (ETS1 or ETS2 to the MAP kinase ERK2 and Drosophila Pnt-P2 to the orthologous Rolled kinase) rather than altering the kinetic properties of the enzymes (100-102). Thus, the PNT domains are docking modules, interacting with complementary docking sites on the kinases (103, 104) . This presumably increases the effective local concentration of the adjacent phosphoacceptors at the catalytic sites of the enzymes, thereby enhancing both the specificity and rate of their modification (105) .
Although a detailed structural model of a PNT-domain/MAP-kinase complex has not been solved, insights into the interfaces have been obtained from mutagenesis studies, chemical footprinting, and competition experiments with peptides that bind known docking sites on kinases. Key to PNT-domain binding are residues from helices H2, H4, and H5 surrounding an exposed phenylalanine side chain (100, 102). Thus, unlike the well-characterized linear peptide motifs that bind docking sites on kinases (106, 107) , the PNT domains interact via a three-dimensional surface. Conversely, this region of the ETS1 PNT domain has been modeled to associate with the ERK2 substratebinding groove centered near loop 12 and the αG helix (108) . Additional contacts involving the unstructured N-terminal tail of ETS1 with the common D-recruitment site on the kinase also have been proposed (109, 110) . To both accommodate this docking mode and position the phosphoacceptors in the active site of the kinase, a structural change in the PNT domain, such as the unfolding of helix H0, would be required. Indeed, as discussed below, this helix is dynamic and forms part of a phospho-switch mechanism for CBP recruitment.
In contrast, members of the TCF subfamily (ELK1, ELK3, and ELK4) lack a PNT domain and dock on the D-and F-recruitment sites of MAP kinases via linear peptide sequences (88, 89). These sequences, termed the D-and FxFP-motifs, respectively, flank the phosphoacceptor-containing transactivation domains of the TCF factors. In addition to increasing phosphorylation efficiency and directing acceptor specificity, these motifs differentially target TCF subfamily members to the MAP-kinase isoforms ERK2, JNK, or p38. The resulting phosphorylation regulates the TCF proteins at the levels of DNA binding, coactivator or -repressor recruitment, and cellular localization (2, 88, 91, 111) .
Role of the PNT Domain in Phosphorylation-Enhanced Interactions of ETS1 and CBP
The mechanism by which Ras/MAP-kinase signaling enhances ETS1-regulated gene expression via phosphorylation-enhanced recruitment of the general transcriptional coactivator CBP has been characterized recently using cell-based assays and biophysical measurements (65, 97, 112). ERK2 phosphorylates Thr38, as well as a nonconsensus acceptor Ser41, within the unstructured N-terminal region of ETS1, immediately adjacent to its PNT domain. NMR spectroscopic studies revealed that, in addition to the four α-helices that match the SAM domain (H2-H5), the PNT domain of ETS1 is appended with two additional helices (H0-H1) (Figure 3b) . Importantly, helix H0 is only marginally stable and undergoes significant local structural fluctuations (97).
Dual phosphorylation perturbs a "closedopen" conformational equilibrium of the PNT domain, displacing the dynamic helix H0 from the core bundle (Figure 5b ) (97). These modifications increase the affinity of ETS1 for the TAZ1 (or CH1) domain of CBP by ∼30-fold (97). NMR-monitored titration experiments mapped TAZ1 binding to both the phosphoacceptors and helices H0, H2, and H5 of the ETS1 PNT domain. Reciprocal experiments mapped the interaction surface of the TAZ1 domain bound by ETS1. This same CBP region is also implicated in several peptide models of transactivation domains bound to the TAZ1 domain (113) . The charge complementarity of these surfaces indicates that electrostatic forces act in concert with the conformational equilibrium to mediate phosphorylation effects. As discussed above, the same interface of the PNT domain also serves as a docking site for the ERK2 kinase. Thus, the PNT domain of ETS1 is key to relaying signal transduction, both "accepting" and "transmitting" the effects of phosphorylation.
As is the case for many transcription factors, other ETS proteins function in association with CBP or its closely related coactivator, p300. GABPA contains an OST domain, which displays a ubiquitin-like fold and binds the TAZ1 and TAZ2 domains of CBP (Figure 1a,d ) (10). ELK1 binds p300, and Ras/MAP-kinase-dependent phosphorylation within a transactivation domain enhances the interaction (89, [114] [115] [116] . In addition, direct interactions between CBP and p300 have been reported for SPI1 (117) (118) and ETV1 (119, 120) . Note, however, ELK1, ETV1, and SPI1 have no PNT domain (Figure 1a) , and the structural bases for CBP or p300 binding remain to be established. The Mediator has also been identified as a coactivator for the TCF subfamily (121) (122) (123) (124) 
PNT-Domain Self-Association
The PNT domain of ETV6 and its Drosophila ortholog Yan form helical homopolymers in a head-to-tail configuration as deduced from crystallographic studies (Figure 4f ) (93, 94, 102). The polymer results from the association of two complementary surfaces of neighboring PNT domains, termed mid-loop (ML) and end-helix (EH). Mutant proteins bearing a substituted hydrophobic to charged residue on either the ML or EH surface are monomeric. However, a mixture of two mutants, one with an ML-mutated surface and one with an EH-mutated surface, yields dimers by stable association of their remaining wild-type interfaces. This dimer has been used as a model polymer and subjected to functional analysis of the role of self-association by ETV6 and Yan (26, 50, 96, 102). As discussed below, the dimeric form of ETV6 facilitates DNA binding, but other roles for a longer polymer are possible, such as recruitment of cofactors. With the exception of Yan, ETV6, and likely ETV7 (125) , all other PNT domains characterized to date have one or both of these surfaces blocked by amino acid substitutions or appended helices and, thus, are monomeric (95, 126).
The EGF-receptor signaling pathway in Drosophila eye development provides a well-studied example of the interplay of PNT domains from ETS family members that relies on both kinase docking and self-association (reviewed in Reference 127) . Yan functions as a repressor and self-associates via its PNT domain (26). Pnt-P2 acts as an activator of common developmental genes. These two ETS factors are targets of the Drosophila MAP kinase Rolled. Upon signaling, Rolled phosphorylates Yan, leading to its export from the nucleus and subsequent degradation in the cytoplasm. Mae, which bears a PNT domain but no ETS domain (128, 129) , facilitates Yan phosphorylation by serving as a docking site for Rolled. In addition, the affinity of Mae for Yan is 1000-fold higher than Yan for itself; thus, the presence of Mae favors Yan depolymerization (96). In parallel, phosphorylation of Pnt-P2 adjacent to its PNT domain stimulates activation of its target genes presumably owing to enhanced recruitment of CBP. The Mae PNT domain binds to the PNT domain of Pnt-P2, blocking its Rolled docking site and, thereby, preventing its phosphorylation-dependent activation (102) . Thus, PNT-domain homoand hetero-typic interactions provide a robust response to signaling.
The PNT domain is present in certain subfamilies (ETS, TEL, ERG) plus GABPA and SPDEF, but absent in others (SPI, ERF, TCF, ELF) (Figures 1a and 2) . Multiple evolutionary events likely led to the loss of this domain as the family duplicated and diversified. The PNT domains in the ERG and ELF subfamilies, as well as in SPDEF, have no reported activities. We anticipate that potential novel functions are yet to be discovered.
GENOMIC APPROACHES TO THE SPECIFICITY QUESTION: REDUNDANT AND SPECIFIC BINDING
Recent genome-wide analyses of ETS-factor occupancy provide a new approach to the specificity question by identifying genomic regions, both promoters and enhancers, bound by individual ETS proteins in living cells. Genomics technology combines chromatin immunoprecipitation (ChIP) with either microarrays (ChIP-chip) or massively parallel sequencing (ChIP-Seq) for identification of the factor-bound DNA regions (130, 131 for ETS proteins. Furthermore, the availability of multiple data sets from several family members is providing insights into specificity and genomic views of cooperative partnerships.
Redundant Binding of ETS Proteins in Living Cells
Genome-wide occupancy data for several ETS proteins have been compared and found to have a high degree of similarity (Figure 6) . The reported overlap for ETS1 and GABPA shows most GABPA-bound regions are also occupied by ETS1 in Jurkat cells (65, 136). Many of these same regions are occupied by ELK1 in HeLa cells (134, 141). In Figure 6b , we compare data for ELF1 (62) and GABPA from Jurkat T cells (136) and SPI1 from mouse macrophages (138). From even these limited data sets, which use different techniques, cell lines, and species, overlapping occupancy is observable with statistically significant frequency. We speculate that the redundancy may encompass the entire family because the diverse ETS proteins, which have already been implicated, including GABPA, ETS1, ELK1, ELF1, and SPI1, represent five subfamilies. Overlapping binding within the resolution of the ChIP technology could be the result of clusters of binding sites specific for each family member. Alternatively, interchangeable occupancy of multiple ETS factors at one site over time could be sampled in the pool of multiple cells (Figure 7) . Favoring the latter hypothesis, high-resolution comparisons of binding data for ETS1 and GABPA reveal sharp colocalization of binding events (65). Furthermore, bioinformatics analyses of regions with broad redundancy identified a striking enrichment of the sequence CCGGAAGT (132, 134) . This sequence motif matches exactly the in vitroderived DNA-binding consensus of all but four ETS proteins (Classes I and II) (Figure 6a) . Thus, the sequence motifs in redundantly occupied regions are likely able to bind most, if not all, ETS proteins.
DNA regions occupied redundantly by many ETS proteins are most frequently found
CAVEATS OF GENOME-WIDE OCCUPANCY TECHNIQUES
Microarrays and massively parallel sequencing can identify the sequences of DNA derived from ChIP experiments. Mapping these sequences to the genome results in peaks of reads above background that indicate the genomic region bound by the immunoprecipitated transcription factor. Lists of bound regions identified by peak-calling algorithms are not comprehensive, but they generally reflect cut-off values that compromise between falsenegative and false-positive results. Resolution ranges from tens to hundreds of base pairs depending on the quality of the peak (136, 190) . Bioinformatics approaches can predict binding sequences by searching for overrepresented patterns in large numbers of bound regions or by directly searching for a particular motif. Neither method proves the use of a particular motif. It is also important to consider that bound regions may differ by cell type or growth condition. Another caveat of the current technology is the limited information regarding the function of a bound transcription factor, including information about which gene(s) may be targets of regulation. Currently, bound regions are usually assigned to the closest genes to make functional correlations. Compilation of correlative genomics and bioinformatics data is essential at this stage with anticipation that technology can drive high-throughput tests of functionality in the future. a short distance (∼20 to 40 bp) upstream of transcription start sites and are correlated with characteristics of active promoters, as evidenced by DNase I sensitivity and presence of histone H3K4 tri-methylation (65, 142, 143). There is also an indication from gene ontology studies that "housekeeping-type" genes are more likely to be characterized by this redundant ETS-factor binding. Searching for overrepresented motifs in the human genome identified an ETS-binding sequence located ∼25 bp upstream of the transcription start site of CpG island-containing housekeeping gene promoters (144-146). It has been proposed that housekeeping genes, which are actively expressed in most cell types, could be regulated by different ETS factors in different cell types. The frequency of this sequence (in ∼25% of human promoters) (65), the association with commonly expressed housekeeping genes, and Table 4 for database sources of all genomics data. its occurrence near transcription start sites suggest a common role for ETS factors in promoter proximal regions, such as transcription initiation, promoter clearance, or maintenance of active chromatin. Functional studies will be necessary to resolve whether individual ETS proteins have distinct activities at these sites or whether a redundant function could be executed by alternative family members.
Redundancy within subfamilies has not been extensively investigated by genome-wide techniques. However, such redundancy may be expected and has been investigated in a detailed analysis of the EGR1 promoter. This promoter is regulated by the TCF subfamily, in part by recruitment of Mediator, as mentioned above. Direct ChIP experiments for ELK1, ELK3, and ELK4 demonstrated alternate occupancy that appeared to correspond to relative abundance of the factors in different cell types (121) . In this case, findings suggest the TCF proteins differed in Mediator binding, thus providing distinct EGR1 expression and responsiveness to signaling in different cell types.
Specific Binding of ETS Proteins in Living Cells
Specific binding by an ETS factor is defined as the binding of only one or possibly only highly related subfamily members. Because comparisons of ETS transcription factor genomic occupancy data reveal a significant amount of redundant binding, it can be difficult to differentiate specific binding sites from false-negative or false-positive results. Furthermore, until all ETS family members expressed in a single cell are assayed by ChIP, specificity cannot be definitively concluded. Despite these limitations, current genome-wide studies have identified specific genomic occupancy that correlates with predicted ETS protein roles. For example, in hematopoietic stem cells, the closely related ETS proteins ERG and FLI1 bind to a largely redundant set of targets, whereas targets of the more divergent ETS protein SPI1 have much less overlap (29). However, the mechanism of specificity is yet to be determined.
In some cases the subtle differences in DNA-sequence preference observed in vitro are supported by genomic studies. Regions bound specifically by ETS1 are found in Jurkat cells and have a higher proportion of sites with a thymine at position 7 compared with regions co-occupied by ETS1 and GABPA (65). This observation may be due to the relative tolerance of this change by ETS1 compared with other ETS proteins (147). Genomic occupancy data for SPI1 in myeloid cells and SPDEF in prostate cells enabled bioinformatics Table 4 for database sources of all genomics data.
analyses for these divergent family members (62). Position-weight matrices derived from unbiased searches of top-scoring regions show similarities to the subtly different sequences derived from the high-throughput proteomics approaches that are discussed above. However, analysis of ELK1, SPI1, GABPA, ERG, FLI1, and ETV1 by other groups report no distinct ETS motifs (29, 134, 136, 138-140). More parsing of bound regions into different classes, such as redundant proximal promoter versus specific distal enhancers, may be necessary to ascertain signatures of specificity determinants.
One sequence change that is often seen in specific binding sites is the presence of an adenine instead of a cytosine at position 3
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(ACAGGAAGT). This change may influence specificity in some cases. However, it may also be a result of selection against a CpG, which would be vulnerable to DNA methylation and, thus, inhibition of ETS-protein binding (148, 149) . This selection would be necessary at enhancers, where ERG (62) and ETS1 specificity (65) is observed, but not at redundant promoter-binding sites where the ETS-binding sequence can be protected from DNA methylation as a result of proximity to, or inclusion in, hypomethylated CpG islands.
In conclusion, genomic-binding studies have revealed both redundant and specific occupancy by ETS factors. The power of genomics to detect redundancy contrasts with the limits of genetic analyses in which such redundancy may easily be masked. However, the relevance of all genomic occupancy awaits more detailed functional tests, especially ones that can distinguish roles of distinct ETS factors. In addition, many ETS sites predicted on the basis of biochemical understanding, and bioinformatics tools are not occupied in vivo, and conversely, many actual sites of genomic occupancy are not predicted. These discrepancies are consistent with studies in other transcription factor families (130, 150) and likely reflect in vivo complexities such as competition with chromatin packaging and other DNA-binding proteins. Thus, identification of other chromatin-associated factors and specificity partnerships, as described below, will provide a necessary backdrop to understand ETS-protein binding detected in living cells by genomics approaches.
COOPERATIVE PARTNERSHIPS PROVIDE ETS FAMILY SPECIFICITY: GENOMIC AND BIOCHEMICAL PERSPECTIVES
A well-established theme in the regulation of eukaryotic gene expression is combinatorial assembly of multiple factors within the same control elements (e.g., a promoter or enhancer). This phenomenon can provide added specificity and thus synergistic control if there is positive or negative cooperative DNA binding between juxtaposed factors or joint recruitment of additional components of the transcriptional machinery. ETS proteins display a variety of such cooperative partnerships, as previously reviewed (1, 2, 151, 152). To provide a mechanistic framework for understanding this route to specificity, we focus on the high-resolution structural models of ETS partnerships that delineate underlying protein-protein interactions (Figure 4 ; Supplemental Table 2 ) and on cases supported by unbiased identification of composite elements through genome-wide analysis (Figure 7) .
Ternary Complex Factors/Serum Response Factor
Serum response elements that mediate activation of immediate-early genes such as c-FOS include both ETS-and SRF-binding sites. The cooperative binding interactions between SRF and the TCF subfamily of ETS transcription factors, including ELK1, ELK3, and ELK4, have been well characterized (11; reviewed in Reference 89). Crystallographic studies demonstrate that DNA binding is enhanced by a direct protein contact between ELK4 and the SRF MADS domain (44) . The partnership also depends on the TCF B-box, a 21-residue region that adopts a helix-sheet-helix motif when bound to the MADS domain of SRF. This conserved box is limited to the TCF subfamily and, thus, illustrates a route to both redundancy within a subfamily and specificity within the entire ETS family (Figures 1a and 4b) .
Chromatin occupancy studies that relied on ChIP-chip reveal co-occupancy of ELK1 and SRF at more than 200 promoters (Figure 6c)  (134, 153) . These co-occupied regions are more likely than other sites to be bound specifically by ELK1 and not by another ETS protein. This specific binding mode occurs at only 22% of ELK1-bound regions, whereas the redundant binding mode, characterized by a strong consensus ETS-binding sequence and overlapping occupancy with other ETS transcription factors, is observed more frequently (50%). Thus, similar to ETS1, the TCF subfamily can undergo both specific and redundant binding (Figure 7) .
SPI1/IRF4
The ETS factor SPI1 partners with the interferon regulatory family transcription factor IRF4 at immunoglobulin light-chain gene enhancers. The low affinity of the winged helix-turn-helix DNA-binding domain of IRF4 for the λB enhancer is increased 20-40-fold by the presence of SPI1 at this site (154, 155) . The crystallographically determined structure of the two DNA-binding domains on a composite enhancer sequence reveals that this cooperativity arises from both direct protein-protein contacts across the central minor groove and induced DNA conformational changes (Figure 4e ) (46) . More dramatically, however, the phosphorylated PEST sequence of SPI1 interacts with an autoinhibitory region of IRF4 to enhance DNA binding by almost three orders of magnitude (154) . This enhanced interaction awaits structural characterization.
ETS1/RUNX1 and Autoinhibition
ETS1 and RUNX1 form a partnership that is well characterized by biochemical and genomic approaches (156) (157) (158) . The level of cooperativity of ETS1 and RUNX1 on ETS sites similar to that in the Moloney murine leukemia virus enhancer approximates the 10-fold repression of ETS1 DNA binding by autoinhibition. Also, ETS1 variants with a deleted or disrupted inhibitory module no longer show such enhancement. These observations suggest that cooperativity results from a relief of autoinhibition. Intriguingly, the effect also requires autoinhibitory sequences in RUNX1 (157) . At the time of writing this review, molecular coordinates for several ternary complexes of ETS1 and RUNX1 are on hold in the Protein Data Bank. Thus, we can anticipate informative structural data on this partnership in the near future. Both redundant and specific occupancy were characterized for ETS1 in Jurkat T cells with more than 14,000 bound regions detected (65). Specific ETS1 occupancy occurs primarily in regions relatively distal to transcription start sites that have enhancer characteristics, such as DNase I sensitivity and histone H3K4 mono-methylation (142, 143). More than 1000 of these specifically bound regions detected by ChIP-Seq display the sequence AGGA(A/T)GTGG. This motif has been characterized in the T-cell receptor enhancers as an ETS1/RUNX1 cooperative binding element with the RUNX1 site comprising the (A/T)GTGG (Figure 7) . Indeed, co-occupancy by RUNX factors at many of the ETS1-specific regions was verified by ChIP-Seq (Figure 6d ). More than 30-fold cooperative binding is detected with composite sequences bearing this close spacing (156); thus, there may be additional mechanisms at play beyond simply counteracting the 10-fold effect of autoinhibition. Ontology analysis of genes with the composite motif included components of the T-cell activation machinery, including ZAP70, LCK, CXCR3, CXCR4, and CD38. Thus, the ETS/RUNX sequence motif is predictive of the function of nearby genes (65). These sites also recruit the transcriptional coactivator CBP, which adds further evidence for their functional relevance. These genomic studies are consistent with genetics experiments in which mice with a deletion of ETS1 have defects in T-cell activation (159) .
Despite the evidence that ETS1 regulates T-cell genes via ETS/RUNX-binding sites, it is not clear that these sites are completely specific for ETS1. Currently, only GABPA and ELF1 ChIP-Seq data are available in Jurkat T cells to compare with ETS1 (62, 136). However, other ETS proteins such as ELF2, ELF4, and FLI1 have been reported to interact with RUNX proteins (160, 161) . Furthermore, ChIP-Seq in hematopoietic stem cells identifies extensive co-occupancy of RUNX1 with FLI1 and ERG (29). Thus, it is possible that ETS/RUNX binding sites have only partial specificity for subsets of ETS proteins and that combinations of ETS and RUNX factors may vary with cell type. The forthcoming structural analysis of ETS and RUNX combinations will be important for deciphering rules of their partnering.
ETS1/PAX5
ETS1 and PAX5 bind cooperatively to a composite sequence located in the promoter of mb-1, a gene expressed in early B cell differentiation (Figure 4c) (162) . This ETS-binding site displays a variant GGAG core. Crystallographic studies of this cooperative partnership demonstrate a protein contact that leads to an altered conformation of a tyrosine conserved in most ETS domains (Tyr395 in ETS1). Gln22, found in the β-hairpin of the PAX5 paired domain, hydrogen bonds to Tyr395 in the recognition helix H3 of ETS1 to stabilize this altered conformation. This enables new DNA contacts for ETS1, while avoiding unfavorable interactions with the variant GC bp (43) . Interestingly, this same conserved tyrosine is involved in ELK4's ability to bind the variant GGAT core (41) .
This partnership also provides insights into the linkage of protein interactions and ETS1 autoinhibition. The PAX5 paired domain enhances the binding of both the autoinhibited and uninhibited variants of ETS1 to the same affinity (163) . Thus, the PAX5 partnership appears to counteract the effects of autoinhibition, possibly through the ETS domain rather than direct interactions with inhibitory elements. Gln22 of the paired domain also contacts Gln336 near the N terminus of helix H1 of the ETS domain (43) , providing a conduit into the dynamic core of the ETS domain. There is specificity of this PAX5 partnership for ETS1 rather than other family members, thus illustrating the use of protein interactions to select individual ETS proteins (162) . However, the biochemical basis for this selectivity is not clear, as the key residues Tyr395 and Gln336, which contact PAX5, are present in other family members. Furthermore, there are no genomic data in the B-cell system to ascertain the frequency and specificity of this partnership in cells or the common occurrence of a PAX5-ETS composite element.
ETS/FOX
The major historical route to discovery of partnerships in the ETS family, including those mentioned above, has been mapping of tissuespecific enhancer regions that leads to the identification of a functional ETS-binding site and neighboring synergistic elements. A number of additional ETS partnerships have been implicated at this level, but they are not the focus of this review. However, one is mentioned to illustrate emerging topics and critical directions for investigation of partnerships. The ETS and FOX families converge, as illustrated by the role of ETV2 and FOXC2 in the endothelial-cell gene-expression program (31, 32) . The partnership is characterized by a composite motif, detected in genome-wide bioinformatics analyses, which can be co-occupied by ETV2 and FOXC2 in DNA-binding assays. Endothelialcell-specific genes, including FLK1, TAL1, NOTCH4, and VE-CADHERIN, display the motif. Importantly, a genome-wide search with this motif identified endothelial-specific genes. A combination of cell-based transcription assays, mouse transgenics, and zebrafish reverse genetics demonstrates the function of this partnership. The basis of transcriptional synergy is not yet established, and thus it will be important to perform biochemical and structural studies on an ETS-FOX ternary complex.
ETV6 Self-Association and Autoinhibition
In contrast to most ETS proteins, ETV6 is a transcriptional repressor. ETV6 monomers bind DNA extremely weakly owing to autoinhibition of the ETS domain, as discussed above (50) . In contrast, an engineered ETV6 dimer shows higher affinity, but only on multiple ETS-binding motifs. It is proposed that self-association via the PNT domain (see Figure 4f ) mediates cooperative DNA binding, which compensates for the low affinity of the monomeric ETS domain. Furthermore, this cooperativity is very tolerant of the orientation and spacing (within five helical turns) of the multiple ETS-binding sites, suggesting a substantial degree of flexibility of the middle region of ETV6 (∼200 residues), which links the ETS and PNT domains (Figure 1a) . Collectively, these results suggest that autoinhibition and polymerization could define the specificity of ETV6 by targeting promoters bearing multiple binding sites. Such sites need not have a well-ordered array of GGA core sequences. Furthermore, polymerization of ETV6 is speculated to create an extended complex, which, along with recruitment of corepressors, may facilitate transcriptional repression (93).
Reports on Drosophila Yan, the apparent ortholog of ETV6, strongly suggest that selfassociation is a key to the function of this class of ETS factors (26). Biological relevance is also drawn from the chromosome rearrangements of the ETV6 locus that encode oncogenic fusion proteins associated with B cell leukemias. The fusions include the PNT domain of ETV6 and the DNA-binding domain of either RUNX1 (Figure 1a) (164) or PAX5 (165, 166) . We speculate that the rules regarding DNA binding learned from the native ETV6 polymer, as modeled by the dimer, may also apply to these oncogenic fusion proteins. Genomic and additional biochemical data will be helpful to understand fully how the biophysical properties of ETV6 impact target selection of both native and oncogenic versions of ETV6.
Other Dimeric Configurations
In addition to ETV6, several ETS proteins have been implicated in dimeric interactions. ETS1 binds cooperatively as a homodimer to tandem ETS motifs, such as that found in the MMP3 promoter. The cooperativity of dimerization is the same 10-fold effect as autoinhibition, suggesting that the dimer configuration may counteract autoinhibition (167) . The crystallography-based model of the ternary complex reveals that residues in the loop between inhibitory helix HI-2 and helix H1 of one monomer interact with those in the turn between helices H2 and H3 of the ETS domain in the other monomer (Figure 4d ) (49) .
An alternatively spliced isoform of ETS1, lacking inhibitory elements N terminal to the ETS domain, fails to dimerize, thus implicating the contact made by the inhibitory elements in the cooperativity mechanism (168) . However, as with ETS1/PAX5 and ETS1/RUNX1 partnerships, a complete mechanism for linking partnerships and autoinhibition is still lacking.
Other ETS proteins possibly use multiple ETS-binding motifs. On the basis of the crystallographic structure of a single ELF3 ETS domain bound to the B site of a tandem type II TGF-B receptor promoter, enhanced binding of a second ELF3 to the adjacent A site was proposed to result from protein-induced DNA conformational changes (51) . This configuration has not been investigated by either biochemical or genomics approaches. In addition, GABPA has two alternative non-DNA-binding partners GABPB1 and GABPB2, which enhance its DNA-binding affinity and provide a homodimeric interface to form GABPA-(GABPB) 2 -GABPA heterotetramers on DNA (40) . The spacing requirement for the tetrameric GABPA/B complex has not been determined, and genomic data for GABPA have not yet elucidated whether such complexes distinguish specific sites in promoters. Note that most of the GABPA sites are also used by monomeric ETS1 or other ETS proteins (65), thus implicating no GABPA specificity determinants.
The ability of ETS factors to use multiple ETS motifs either by ETV6 polymers or other dimeric configurations begs the question of whether clusters of ETS consensus sites occur in the genome. We found no evidence for use of tandem ETS sites in Jurkat cells with the dimeric spacing of the MMP3 promoter (P.C. Hollenhorst, unpublished data). However, a high density of many transcription factor binding motifs, including ETS sites, is noted in promoter and enhancer regions (134, 136, 169). Testing of ETS-factor polymeric binding in cells awaits discovery of additional authentic ETS targets.
In conclusion, combinatorial control of transcription employs multiple DNA-binding
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androgen receptor transcription factors in close proximity. Although the DNA recognition sequences for ETS proteins and their partners may be closely juxtaposed or even overlapping, the resulting protein-protein interfaces are often small and the effects on their DNA binding rather subtle. Nevertheless, the thermodynamic result of the direct protein-protein interactions and/or the indirect changes in protein-DNA interactions is net-positive cooperativity relative to the independent binding of each transcription factor. The added specificity of larger composite DNA-binding sites, which is gained through the cooperative binding of two factors, may constitute the greatest biological impact of such partnerships. Extrapolating from the detailed mechanism of ETS1 autoinhibition, the dynamic character of the ETS domain could be impacted within the context of a cooperative partnership. It remains to be determined how many of these ETS factors and their respective partnerships tap into the potential to regulate an ETS domain by autoinhibition and/or by affecting protein dynamics.
GENOMIC INSIGHTS INTO ONCOGENIC ETS FACTORS ERG and Androgen Receptor in Prostate Cancer
Rearrangements of ETS loci are a hallmark of prostate cancer with ∼50% of tumors showing alterations at an ETS gene locus (36) . In the most common scenario, a promoter region from an androgen-responsive, prostate-specific gene, TMPRSS2, is attached to the ERG locus to drive aberrantly regulated ERG expression in prostate cells. Chromosomal rearrangements that result in the overexpression of members of the PEA3 subfamily (ETV1, ETV4, or ETV5) are found less frequently (36, 170, 171) . These genetic changes are implicated in tumorigenesis (170, (172) (173) (174) (175) (176) . ChIP-Seq of ERG in both cell lines and tumors that overexpress this transcription factor identifies a striking level of cooccupancy (44%) with the androgen receptor (AR) (62, 139). The involvement of the AR in normal prostate development, coupled with the prevalence of ETS-binding sequences at AR-bound regions (177) , implies a cooperative interaction that could play a role in ETSmediated prostate oncogenesis (Figure 7) . Expression studies indicate that a potential mechanism of oncogenic ETS proteins, such as ERG and ETV5, at these sites is antagonism of normal AR function (139, 178, 179) . Supporting this idea, tumor-suppressor ETS proteins, such as SPDEF, synergize with the AR (66). However, the genetic finding that ETS and AR genes cooperate in oncogenesis (175) indicates that this mechanism is more complex than our current understanding and may differ on a target-by-target basis (180) .
The biochemical mechanism for interactions between ETS factors and the AR is also not known. There is some evidence that the AR can physically interact with ERG (139), ETV5 (179), SPDEF (66), ETV1 (181), and ETS1 (177) through their ETS domains, even in the absence of DNA. However, whether this interaction has any ETS family specificity or how it impacts ETS function remains unknown. DNA-binding assays have not tested cooperative binding, and bioinformatics analyses have not identified an overrepresented spacing of ETS-and AR-binding sites functionally analogous to that observed with the ETS1/RUNX partnership. Therefore, the interaction between ETS proteins and the AR may lead to specificity of function, but not necessarily cooperative DNA binding. Thus, ETS proteins may influence cancer via AR target genes, but the mechanism of this effect remains to be discovered.
EWS-FLI1 in Ewing's Sarcoma
Ewing's sarcoma, a common pediatric cancer, is invariably associated with ETS gene translocations (182) that result in a fusion oncogene consisting of the 5 end of EWS and the 3 end of FLI1, or less frequently ERG, ETV1, ETV4, or FEV (Figure 1a) (183, 184) . The strong transactivation activity in the N terminus of EWS contributes to the function of the Microsatellite: a genomic region with 10 to 100 tandem repeats of a 2-6-bp sequence resulting oncogenic fusion protein (185) . However, insights from genomic studies suggest that the fusion protein also directs regulation of new transcriptional target genes. ChIP-chip and ChIP-Seq have identified the genomic regions bound by the most common ETS fusion proteins in Ewing's sarcoma, EWS-FLI1 and EWS-ERG (62, 133, 137). Two overrepresented DNA sequences are found in these regions: a consensus ETS-binding site that is similar to promoters discussed above, which have redundant occupancy of ETS factors, and microsatellites that bear tandem repeats of the sequence GGAA. Of these two classes of target sequences, only genes near the microsatellite repeats correlate with expression changes associated with transformation, including NROB1 (133) and GSTM4 (186) . Thus, GGAA repeat targets, but not redundant promoter targets, mediate the oncogenic role of these fusions.
GGAA microsatellites, which can have more than 10 copies of the tetrameric repeat, constitute arrays of ETS-binding sites that could mediate cooperative binding between neighboring factors. In fact, four or more repeats are necessary for EWS-FLI1 transcriptional activation in reporter assays, and two EWS-FLI1 monomers bind to this four-motif array in biochemical assays (Figure 7) (133, 137, 187). However, whether cooperativity is at play is unclear. A recent study revealed that the EWS portion of the fusion oncoprotein contributes only to the transcriptional activation, not the DNA-binding activity. This implicates the ETS-domain component of the fusion protein in microsatellite binding (187) . Indeed, multiple ETS proteins, including examples not involved in Ewing's sarcoma, can bind to GGAA microsatellites. Furthermore, as discussed above, ETS proteins ETV6, ETV7, GABPA, and ELF3 bind as homo-oligomers to neighboring ETS-binding sites. Whether the GGAA microsatellites that are involved in Ewing's sarcoma are the natural targets of any of these ETS proteins remains to be tested.
In conclusion, the oncogenic potential of ETS factors is likely derived from their transcriptional properties. In addition to the chromosome rearrangements described above, there is mounting evidence for an oncogenic role for dysregulation of ETS genes in prostate (188, 188a) , melanoma (189) , and gastrointestinal stromal tumors (140). Alterations in any ETS protein can have multiple downstream effects, amplifying the primary genetic defect. Thus, a potentially effective intervention in ETS-driven cancers would be a disruption in the function of the oncogenic ETS protein. The range of macromolecular interactions, which include DNA-protein and various homo-or hetero-typic protein-protein complexes, all serve as potential interfaces for targeted therapeutics.
In considering the route to oncogenesis as a window into the specificity question of the ETS family, it is noteworthy that multiple family members can be involved in sarcoma and prostate cancer with an interesting overlap between the two diseases. There are no substantial data to indicate that the various family members cause different disease progression or outcome. Future questions include whether these family members are selected as a result of susceptibility of the genetic locus to rearrangements or distinct properties of these, but not other, ETS family members. Finally, continued genomic and biochemical analysis of the oncogenic ETS factors can help elucidate oncogenesis pathways as well as shed light on specificity routes within the family.
SUMMARY POINTS
1. Conservation of the ETS domain leads to similar DNA interactions among all ETS factors as detected by in vitro biochemical assays. However, deviation from these highestaffinity sites is encountered in biological settings.
2. The PNT domain provides diversity to ETS proteins, both by its variable presence and differing functions, ranging from kinase and coactivator binding to self-association.
3. The DNA-binding affinity of many, if not most, ETS proteins is tempered by autoinhibition. Specific DNA motifs used in cells can diverge from the optimal consensus, thus lowering affinity further. This combination of circumstances poises an ETS factor to participate in partnerships with other factors that have additional preferences for DNA sequence and architecture, thus enhancing specificity for genomic locations. High-resolution molecular models demonstrate the relatively small protein-interaction surfaces that can mediate such cooperativity.
4. Protein dynamics underlie phosphorylation-dependent regulatory processes, including autoinhibition of the ETS domain and enhanced binding of CBP by the PNT domain. Flexible regions, which are likely sites of modification, function in concert with more structured regions, which also exhibit dynamic conformational equilibria.
5. ETS binding sites displaying a strong match to the highest-affinity consensus motifs are common in CpG island-containing housekeeping promoters. These sequences serve as interchangeable binding sites for many ETS proteins. Every cell type expresses multiple ETS factors that could potentially participate in this redundant occupancy.
6. Genome-wide occupancy studies identify many (hundreds to thousands) binding sites for a single ETS protein in a particular cell type. Although the functional relevance of many of these sites awaits further analysis, bioinformatics approaches have identified ETS consensus motifs and composite elements that are beginning to define genomic determinants for specificity and cooperative partnerships.
7. Oncogenic ETS proteins alter numerous transcriptional targets within cells that express many other ETS factors. Selection of oncogenic target genes is likely achieved by altered use of the specificity mechanisms for normal cells described in this review.
FUTURE ISSUES
1. Dynamics are increasingly implicated as a powerful regulatory mechanism in protein function. Studying how intra-and intermolecular interactions establish the amplitude and timescale of these dynamics-and, thus potentially, the DNA-binding properties of transcription factors-is a new avenue for understanding the regulation of gene expression. Biophysical studies of increasing sophistication will help define the physicochemical bases for ETS autoinhibition and dissect the role of dynamics in protein and target DNA recognition by the PNT and ETS domains, respectively.
2. A high level of redundant genomic occupancy in the ETS family was detected in promoter proximal regions. Further work will determine whether ETS proteins play a redundant mechanistic role in transcription regulation at these targets and whether these sites have functions distinct from more distal enhancer elements.
3. As genome-wide binding data become available for more ETS proteins, as well as other transcription factors, comparisons will allow classification of redundant, specific, and partially specific binding sites. This categorization will improve the robustness of the new data sets to investigate mechanisms that enable specificity within the ETS family, including composite elements for cooperative binding partnerships and other routes to synergistic transcriptional regulation. Redundancy within subfamilies versus the entire family needs to be clarified.
4. The ETS genes that are involved in chromosomal abnormalities in solid tumors are limited largely to those in ERG and PEA3 subfamilies. It is not known to what degree the oncogenic functions of these genes overlap. Determining the specific roles of these two subfamilies, compared with the rest of the ETS family, will be important to understanding the mechanisms of ETS-mediated oncogenesis.
5. The development of therapeutic strategies, including small-molecule modulators of protein interactions, to regulate ETS proteins could have high clinical impact. Currently available and new structural and biochemical information about ETS proteins will be valuable in achieving this challenging research goal.
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